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We present an experimental study on the photoionization dynamics of non-resonant one-color two-
photon single valence ionization of neutral argon atoms. Using 9.3 eV photons produced via high
harmonic generation and a 3-D momentum imaging spectrometer, we detect the photoelectrons and
ions produced from non-resonant two-photon ionization in coincidence. Photoionization from the 3p
orbital produces a photoelectron scattering wave function with p and f partial wave components,
which interfere and result in a photoelectron angular distribution with peak amplitude perpendicular
to the VUV polarization. The comparison between the present results and two previous sets of
theoretical calculations [Pan, C. & Starace, A. F. (1991). Physical Review A, 44(1), 324., and
Moccia, R., Rahman, N. K., & Rizzo, A. (1983). Journal of Physics B: Atomic and Molecular
Physics, 16(15), 2737.] indicates that electron-electron correlation contributes appreciably to the
two-photon ionization dynamics.
The photoionization dynamics of multi-electron atomic
and molecular systems are influenced by electron-electron
correlation. Non-resonant two-photon ionization can
probe such correlation effects in both the initial and final
states of the target. A particularly sensitive observable is
the photoelectron angular distribution (PAD), which can
provide a detailed view of the underlying mechanisms in-
volved in the photoionization process and its correlated
nature, e.g. information on the role of continuum states
and interchannel coupling [1–12]. The PAD emerges
from a coherent summation over a set of final continuum
states. The sensitivity of the PAD to electron-electron
correlation arises from its dependence on the amplitudes
and phases of the different partial wave components of
the coherent sum. These distinct angular momentum
components can interfere to create nodes and antinodes
in the PAD.
PADs are uniquely characterized by their energy-
dependent anisotropy parameters, or β parameters. The
number of β terms used to describe the PAD increases
with the photon order. As such, a two-photon PAD can
exhibit more anisotropy and structure than the corre-
sponding one-photon PAD. Previous two-photon inves-
tigations of the anisotropy parameters in neon and ar-
gon have been realized using two-color two-photon above-
threshold ionization (ATI) schemes [13–15], where ioniza-
tion was performed with a VUV field in the presence of
a strong NIR dressing field that generated photoelectron
sidebands. This can make comparison with theory very
challenging. Measurements that lie within the pertur-
bative limit and target non-resonant bound-continuum
transitions, driven by the second photon (rather than
continuum-continuum transitions), are highly sensitive
to electron-electron correlation and can be achieved in
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a one-color two-photon ionization scheme by exclusively
using a VUV field with a photon energy in a non-
resonant region below the ionization threshold. How-
ever, measuring a PAD from non-resonant one-color two-
photon single ionization (NOTPSI) in an atomic gas re-
quires sufficiently high VUV intensities to enable nonlin-
ear processes. Since high intensity ultrashort VUV light
sources are limited to a small number of free electron
lasers (FELs) and tabletop high-order harmonic gener-
ation (HHG) systems, angle-resolved measurements on
NOTPSI in rare gases are scarce.
Over the years, a few studies have investigated one-
color two-photon ionization in helium and krypton using
VUV FELs [16–18]. PADs were measured in helium at
several photon energies, across both the resonant and
non-resonant regions, in Ref. [18]. Here, anisotropy pa-
rameters as well as amplitude ratios and phase differences
of the partial wave components of the scattering wave
function could be extracted, due to the simple nature of
the target. By moving to more complex many-electron
systems, more terms and higher angular momentum com-
ponents contribute to the photoelectron scattering wave
function, and many-electron effects become more signifi-
cant. This increase in complexity represents a great chal-
lenge for experiment and theory alike.
Previous theoretical studies on angle-resolved two-
photon ionization in helium have indicated that a single-
active-electron picture appears to be a valid approach in
describing the photoionization dynamics for photon ener-
gies below the ionization threshold (and even in the above
threshold region) [1]. It is unlikely that this is true for
more complex core targets. This compels angle-resolved
measurements in more complicated systems, where many
active and correlated electrons are required to describe
the photoionization dynamics. To our knowledge, no
angle-resolved measurements exist for complex multi-
electron systems such as argon, were electron-electron
correlation is expected to play a more significant role
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2in the photoionization dynamics than in simple systems
like helium. The aim of this experimental investigation
is to reveal, for the first time, clear contributions from
electron-electron correlation in the PADs emerging from
NOTPSI of argon.
Despite the paucity of experimental data, the problem
has not escaped theoretical treatment. Over a quarter of
a century ago, the β parameters for one-color two-photon
single ionization (including NOTPSI) were calculated for
argon using a Hartree-Fock approach [19] providing un-
correlated and Coulomb correlated results, and a random
phase approximation calculation [20], which neglected
electron-electron correlation. The uncorrelated results
of Ref. [19, 20] are somewhat ambiguous due to discrep-
ancies between the calculations performed in the length
and velocity gauge at various photon energies. The cor-
related results of Ref. [19] show better gauge invariance
in both the resonant and non-resonant two-photon ion-
ization regions and the computed β parameters suggest
maximum photoelectron emission perpendicular to the
ionizing field at 9.3 eV. However, to our knowledge, these
calculations have for decades remained unverified by any
experimental measurement.
In this work, we present results on angle-resolved
NOTPSI of argon from the 3p orbital using 3-D momen-
tum imaging, where the photoelectron and ion are mea-
sured in coincidence. Using a 400 nm driving field, we
produce and select VUV photons with an energy of 9.3
eV via HHG, which are then used to perform NOTPSI.
Interference between different angular momentum com-
ponents of the photoelectron wave function results in a
PAD exhibiting maximum intensity perpendicular to the
ionizing VUV field. These experimental results are com-
pared against previous calculations, which suggest that
electron-electron correlation considerably influences the
photoionization dynamics.
The valence photoionization dynamics in neutral ar-
gon were investigated using the cold target recoil ion mo-
mentum imaging [21–24] (COLTRIMS) technique. Here,
the photoelectron-ion pair produced by NOTPSI are col-
lected with full 4pi solid angle, and their 3-D momenta
are measured in coincidence, on an event-by-event basis.
The charged particles are guided by parallel DC elec-
tric and magnetic fields (15.55 V/cm, 3.72 G) towards
position- and time-sensitive detectors at opposite ends
of the spectrometer. The detectors consist of a multi-
channel plate (MCP) chevron stack with a delay-line an-
ode readout [25, 26]. The electron and ion detectors are
a three layer hex-anode with a 80 mm MCP, and a two
layer quad-anode with a 120 mm MCP, respectively. The
3-D momentum of each charge carrier is encoded into its
hit position on the detector and its time-of-flight relative
to the laser trigger.
The laser system has been described previously [24],
but we briefly highlight a few modifications made to the
system below. A Ti:sapphire near-infrared (NIR) laser
system produces 12 mJ, 45 fs pulses at 50 Hz, which are
frequency doubled using a 0.25 mm thick beta-barium
borate (BBO) crystal, where the copropagating 800 nm
NIR and 400 nm blue fields are then separated using two
dichroic mirrors. The reflected blue photons (∼3.6 mJ,
∼50 fs) are focused (f = 6 m) into a 10 cm long gas
cell containing 3 Torr of krypton to generate VUV odd
harmonics via HHG. The resulting VUV frequency comb
is then separated from the 400 nm fundamental by re-
flection from three silicon mirrors near Brewster’s angle
for the 400 nm field, resulting in a suppression of the
fundamental by a factor of < 10−6. The 3rd harmonic
(133 nm, 9.3 eV) is isolated by transmission through a
0.25 mm thick MgF2 window, which totally suppresses
the 5th harmonic and above. The femtosecond pulse du-
ration of the 3rd harmonic is also maintained, while the
residual 400 nm pulse is temporally separated from the
3rd harmonic pulse by ∼700 fs, due to the difference in
the group velocity dispersion (GVD) of the window at ω0
and 3ω0 [27, 28]. After transmission through the window,
we estimate the pulse duration of the 3rd harmonic to be
∼30 fs, based on its spectral bandwidth, its estimated
attochirp, and the thickness and GVD of the MgF2 win-
dow [29, 30]. The femtosecond 9.3 eV pulses are then
back-focused (f = 15 cm) into the 3-D momentum imag-
ing spectrometer using a protected aluminium mirror, the
reflectance of which has been measured to be 43% at 9.3
eV [31]. The pulse energy of the 3rd harmonic on target
is approximately 10 nJ, which was measured using a pair
of broadband VUV filters (Acton Optics FB130-B-1D.3)
and a calibrated photodiode.
A beam of argon atoms is prepared from an adiabatic
expansion through a 0.03 mm nozzle, which is then colli-
mated by a pair of skimmers. This atomic jet propagates
perpendicular to the focusing VUV beam, where the two
intersect in the interaction region (approximately 0.01
× 0.01 × 0.20 mm) of the spectrometer, resulting in a
NOTPSI rate of ∼0.3 events per VUV pulse.
The ground state electronic configuration of argon is
1s22s22p63s23p6 (1S). Ionization from the 3p orbital re-
sults in the ground electronic state of the cation Ar+,
a 2P state. From two-photon selection rules, the final
states must have either 1S or 1D total symmetry, while
the photoelectron wave function must be either a p- or
an f -wave. It follows that we can express the allowed
final states in the three forms listed below:
1S : 3p5 2P + p (1)
1D : 3p5 2P + p (2)
1D : 3p5 2P + f (3)
In (2) and (3) above, we see that the 1D final state
contains contributions from two different photoelectron
angular momentum components, p- and f -waves. The
coherent sum of these two partial waves can create an in-
terference pattern in the PAD. Since the initial state has
total magnetic quantum number M = 0, so too must the
3final states. Hence the m value of the photoelectron and
ion wave functions must sum to 0. From this restriction,
we see that only m = 0,±1 values of the f -wave com-
ponent can contribute, while all m values of the p-waves
may contribute. These photoelectron states are paired
to states of the core with the appropriate m value.
A diagram depicting the NOTPSI pathway in the
present experiment is shown in Fig 1. The grey box in-
dicates the region containing the bound excited states
of argon, beginning at 11.55 eV. The ionization poten-
tial of argon is 15.76 eV, while the two-photon energy is
∼18.6 eV, which results in an expected photoelectron ki-
netic energy of roughly 2.8 eV. Ionization of the ground
state atoms via non-resonant two-photon absorption pop-
ulates an ionic state and releases an electron into the con-
tinuum, with allowed final states listed in (1)-(3) above.
Ar: 3p6(1S)
Ar+: 3p5(2P)
ω
ω
e−
FIG. 1. An energy level diagram depicting the NOTPSI path-
way from the 3p orbital of Ar at 9.3 eV. The grey box indicates
the region containing bound excited states, the first appear-
ing at 11.55 eV. The ionization potential of Ar is 15.76 eV,
hence the red double-arrow corresponds with a photoelectron
kinetic energy of 2.84 eV.
The measured photoelectron kinetic energy spectrum
is presented in Fig 2 (a). Here, we observe a single peak
centered at 2.8 eV, with a full width at half maximum
(FWHM) of ∼400 meV, indicative of the two-photon
spectral bandwidth of the 3rd harmonic (convolved with
the electron energy resolution of the spectrometer). The
photoelectron momentum distribution transverse versus
parallel to the VUV polarization vector is shown in Fig 2
(b), where we observe electron emission peaking towards
high transverse momentum and low longitudinal momen-
tum. To gain more insight into the photoelectron emis-
sion pattern, we turn to the angle-differential photoion-
ization cross section.
For two-photon ionization of a target atom by lin-
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FIG. 2. (a) The photoelectron energy spectrum and (b)
momentum distribution parallel versus perpendicular to the
VUV polarization.
early polarized light, the angle-differential photoioniza-
tion cross section is given by
dσ
dΩ
=
σ0
4pi
[1 + β2P2(cosθ) + β4P4(cosθ)] (4)
where σ0 is the total photoionization cross section, θ
is the angle between the photoelectron momentum vec-
tor and the polarization vector of the light, β2 and β4
are the second and fourth order anisotropy parameters,
and P2 and P4 are the second and fourth order Legendre
polynomials in variable cosθ [32]. The measured angle-
differential photoionization amplitude is presented in Fig
3. Equation 4 has been applied to fit the data (solid red
line) using the projection method discussed in [33], where
the error on the β parameters is determined via statisti-
4cal bootstrapping [34]. The β parameters retrieved from
the fit are β2 = -0.93±0.02, β4 = 0.25±0.03.
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FIG. 3. The angle-differential photoionization cross section
for NOTPSI of Ar at 9.3 eV. The experimental data is fit using
Equation 4, where the retrieved β parameters are displayed
above the plot.
The PAD exhibits peak intensity at angles near pi/2,
corresponding with maximum photoelectron emission
perpendicular to the VUV polarization. Intensity min-
ima occur along the VUV polarization direction, near 0
and pi. We attribute these features to the interference
between the different p- and f -wave components of the
photoelectron scattering wave function. These two angu-
lar momentum components destructively interfere along
the polarization direction, yielding an angle-differential
amplitude that peaks perpendicular to the field. This
interference is analogous to the interference between the
photoelectron s and d partial waves in photodetachment
of I− and O− [35–37].
We compare our retrieved β parameters with those ex-
tracted from Ref. [19] at a photon energy of 9.3 eV and
Ref. [20] at a photon energy of 8.6 eV, presented in Ta-
ble I and Fig. 4. In Ref. [19], the calculations were
performed using a 2nd order time-independent perturba-
tion theory method, in both a Hartree-Fock (HF) ap-
proach and a Coulomb correlated HF approach. In the
uncorrelated HF calculation, there is significant disagree-
ment between the length and velocity gauges, while the
Coulomb correlated HF approach exhibits much better
gauge invariance. We find that the Coulomb correlated
HF calculations show good qualitative agreement with
the present measurements (seen in Fig. 4 (b)), specifi-
cally in the direction of maximum photoelectron emis-
sion. There are, however, significant quantitative dis-
crepancies in the magnitude of β2 and the sign of β4 (see
Table I). The uncorrelated HF calculations of Ref. [19],
in either the length or velocity gauge, compare less fa-
vorably with the present measurements (seen in Fig. 4
(a)).
In Ref. [20], the two-photon ionization cross sections
were calculated using a random phase approximation
method with HF wave functions for the initial, interme-
diate, and target states, neglecting electron-electron cor-
relation. There is reasonable agreement at this photon
energy between the calculations in length and velocity
gauge (seen in Fig. 4 (c)). They both resemble the un-
correlated results in the velocity gauge of Ref. [19] shown
in Fig. 4 (a). However, there is poor qualitative and
quantitative agreement between the uncorrelated theo-
ries and the measurement. Despite the quantitative dis-
agreements, the correlated HF results of Ref. [19] suggest
that electron-electron correlation is essential in the accu-
rate description of the NOTPSI dynamics of argon.
β2 β4
HF Length [19] -0.62 -0.18
HF Velocity [19] -0.13 -0.48
Correlated Length [19] -0.54 -0.05
Correlated Velocity [19] -0.48 -0.01
Random Phase Approx. Length [20] 0.03 -0.62
Random Phase Approx. Velocity [20] 0.04 -0.58
Experiment -0.93 0.25
TABLE I. The β parameters extracted from the calculations
in [19] at a photon energy of 9.3 eV and in [20] at a pho-
ton energy of 8.6 eV, and those retrieved from the present
measurement.
The discrepancies between the theory in Refs. [19, 20]
and the present measurements may be attributed to an
inadequate treatment of electron-electron correlation in
the calculations. The level of correlation accounted for
in the Coulomb correlated HF approach of Ref. [19] led
to better gauge invariance and a PAD with greater sim-
ilarity to the present measurements. This suggests that
a higher level of electron-electron correlation must be in-
cluded for a more accurate description of NOTPSI in
argon.
In conclusion, we have reported results on NOTPSI
of argon using 3-D momentum imaging and an intense
9.3 eV femtosecond pulse. We find that the observed
photoelectron emission pattern can be explained by the
interference between the different p and f partial wave
components of the photoelectron scattering wave func-
tion, which add destructively along the polarization di-
rection of the ionizing VUV field. Our measurements are
compared against a previous set of calculations, which
reveal that the photoionization dynamics are evidently
influenced by electron-electron correlation effects. It ap-
pears that the level of electron-electron correlation ac-
counted for in the Coulomb correlated HF calculations
in Ref. [19] is not sufficient to reach complete agreement
with the present results. Our measurements can serve as
a benchmark for future ab initio theoretical treatments of
NOTPSI dynamics in multi-electron systems. A particu-
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FIG. 4. The photoelectron angular distribution for NOTPSI
of Ar at 9.3 eV for the experimentally retrieved β parameters
(solid red curve in (a), (b), and (c)) and those extracted from
[19, 20]. The blue curves in (a) correspond with the uncorre-
lated HF calculation of [19], the blue curves in (b) correspond
with the Coulomb correlated calculation of [19], and the blue
curves in (c) correspond with the random phase approxima-
tion calculation of [20] (dashed: velocity gauge, solid: length
gauge). The orientation the VUV polarization is indicated by
the horizontal double arrow.
lar challenge may be incorporating continuum-continuum
coupling in the calculations, which is expected to be im-
portant in reproducing the PAD in non-resonant regions
[38]. In addition to further development of theoretical
methods, there is a clear need for follow-up experiments
to investigate the photon energy dependence of electron-
electron correlation effects by angle-resolved photoioniza-
tion of multi-electron atoms and small molecules, using
intense VUV, XUV, and soft X-rays, preferably at pho-
ton energies where calculated anisotropy parameters are
gauge invariant, and correlated and uncorrelated results
differ markedly.
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